The objective of this study is to optimize the microwave-vacuum drying parameters (microwave power, drying time and fruit load) on the physical properties of dried Saskatoon berries. Response surface methodology combined with central composite rotatable design was used to observe the effect of microwave-vacuum drying processing variables and optimize the drying conditions for the physical properties as response variables (moisture content, rehydration ratio, hardness, L value and total color difference) of the microwave-vacuum dried Saskatoon berries. The response variables were effectively modeled as the function of independent variables for the regression as well as response surface modeling. The regression and response surface modeling indicated that increasing microwave power and drying time and deceasing fruit load decreased moisture content but increased rehydration ratio, hardness, L value and total color difference of the microwave-vacuum dried Saskatoon berries. Also, the numerical combining with graphical optimization indicated that microwave power (5.8 -6.5 kW), drying time (52-59 min) and fruit load (10-10.25 Kg) were very effective to improve the studied physical properties of the dried Saskatoon berries. The findings are expected to be helpful for the process development of commercial scale microwave-vacuum drying of Saskatoon berries within the experimental range.
Introduction
Saskatoon berries are very highly perishable fruits having an initial moisture content of 80-84%. However, these berries have much potential for consumption because of their high nutritive values. Mazza and his coworkers' studies showed that the Saskatoon berries were a very rich source of antioxidants because of their high levels of anthocyanins and phenolics contents and the Saskatoon berries also contained carbohydrate, berry sugar (15-20%), significant amounts of minerals (potassium, iron, magnesium, and phosphorous), vitamins (vitamin C, thiamin, riboflavin, pantothenic acid, vitamin B6, vitamin A and vitamin E), protein, fat, and fiber [1] [2] [3] . The consumption potential as well as medicinal uses of Saskatoon berries were started by native Canadian and early settlers in the northern areas as they ate them as one of their food sources and used them as treatment for different ailments such as eye, ear and stomach diseases [3] [4] [5] . The demand for Saskatoon berries is increasing continuously because of growing consumption of fresh fruits as well as use of Saskatoon berries to produce Saskatoon berry based food products such as jam, jelly and chocolates on commercial scale [6, 7] . However, one of the critical problems of the Saskatoon berries is that they have a very short shelf life because of high moisture content which accelerates to deteriorate very quickly (even within a couple of days) in room temperature after harvesting [5] . The freezing of Saskatoon berries is a common practice in order to preserve the berries. The frozen storage system of the berries needs a large space and the transportation of the frozen berries is not convenient and economic due to the high volume and high weight [7] . The practice of a postharvest technique, for example drying of Saskatoon berries, is essential to preserve the Saskatoon berries and ensure supply throughout the year.
Microwave combined with vacuum drying demonstrated superiority compared to hot air drying and vacuum drying to retain the nutritional compounds such as anthocyanins and phenolic compounds of dried Saskatoon berries [8, 9] . Although the freeze drying method proves one of the most effective drying systems to retain the structure of the dried berries and nutritional compounds, the freeze drying method is relatively expensive for the commercially drying of fruits [10] . Thus, from economic and quality points of views for dried products, microwave combined with a vacuum drying is a very strong option to dry fruits commercially [11] .
Microwaves are electromagnetic radiation with frequencies from several hundred megahertz (500MHz) to several hundred gigahertz (300 GHz) with wavelengths from 1 mm to 1 m of length [12] . When microwave driers produce electromagnetic radiation the wet materials inside the driers can absorb electromagnetic energy and cause the microwave heating to generate a volumetric heating system (heat generated from inside of the wet products to outer surface). Vapor is generated inside the products developing internal pressure gradients that cause moisture to flow from the interior to the surface of the materials. Heat is generated throughout the materials and the vapor pressure difference between interior and surface areas constitutes a driving force for moisture transfer [13, 14] . This may cause rapid drying, preventing case hardening problems (uneven heat transfer into the products causes a hard outer skin of products) and reduce the shrinkage of products [15] . However, most food products rapidly heat up to the boiling point of water because drying by absorbing microwave radiation energy at ambient pressure happens at very high temperatures. So the combination of microwave with a vacuum keeps the speed of microwave heating but reduces the high temperature. Therefore, the materials can be dried at a low temperature in a shorter drying period. Moreover, the absence of air during drying reduces oxidation [16] . Thus, the microwave combined with a vacuum drying provides uniform drying of products and improves the quality attributes (i.e., color, texture, flavor, and nutrients) of the dried products. Studies of microwave with a vacuum drying of Saskatoon berries showed that the dehydration exhibited higher total anthocyanin and phenolic levels, which were associated with a greater antioxidant activity, compared to hot air-dried berries [8, 9] . A study on the comparison among different drying methods showed that the carotene retention of carrot slices and the vitamin C retention of apple slices dried by the microwave-vacuum method were close to those of freeze-dried carrot and apple slices and much better than those of conventional hot air-dried ones [17] . The microwave with a vacuum drying is significantly more advantageous than any other conventional drying systems for commercial fruits drying. Appropriate application of drying processing parameters is very important and essential to avoid poor quality dried products [16, 17] . Therefore, optimization of microwave with a vacuum drying processing variables on the physical properties of the dried Saskatoon berries is needed.
During drying of products, changes occur in the structural and physicochemical properties of products that affect the final product quality and acceptability by the consumers [11, 14] . The physical properties (i.e. moisture content, color, hardness and rehydration ratio) play an important role for the quality of dried products. The quality of the products due to processing and quality control information can be derived from the color of the raw and processed products. A sensory evaluation on the color of green banana chips and different fruit enriched yogurt samples showed very significant effects (p < 0.01) among the samples tested [18, 19] . Hardness of the dried products is another major quality attribute while assessing the sensory quality in food products [20] . Rehydration of dried products is composed of the imbibition of water into dried products, the swelling and the leaching of the soluble. So, rehydration is a measure of the damage to the products caused by drying [15] . The drying processing parameters (i.e. drying time, microwave power and fruit load) of the vacuum assisted microwave drying technique affect the above mentioned quality factors of the dried Saskatoon berries. Mitra and Meda [7] optimized the drying processing parameters for the final moisture content and water activity of the microwavevacuum dried Saskatoon berries but they did not consider the quality factors of the dried Saskatoon berries. Nagalakshmi et al. [21] , studied the effect of microwave processing variables on the quality of the microwavevacuum dried products but they did not optimize the parameters for quality factors of dried Saskatoon berries. The optimization of the microwave-vacuum drying processing variables (drying time, microwave power and fruit load) for the moisture content , rehydration ratio, hardness and color of microwave-vacuum dried Saskatoon berries is needed for microwave-vacuum drying process development of berry drying.
A statistical experimental design based on central composite rotate design (CCRD) and a response surface methodology (RSM) are commonly used to characterize the influence of process variables and determine the optimal processing conditions [22] . The CCRD and RSM are the processes that combine mathematics with statistics and are useful to model and analyze applications where several factors control a response (output) of interest [23] . The objective of this study is to optimize the microwave combined with a vacuum drying processing variables of microwave power, drying time, and fruit load on the physical properties (moisture content, rehydration ratio, hardness and color) of the microwave-vacuum dried Saskatoon berries.
Materials and Method

The Processing of Microwave-Vacuum Drying of Saskatoon Berries
The frozen Saskatoon berries were collected from Riverbend Plantation (Saskatoon, Saskatchewan, Canada) and the collected frozen Saskatoon berries were thawed at 40 0 C for 30 min to equilibrate with ambient conditions and to remove frozen water from the surface of the Saskatoon berries. The thawed Saskatoon berries were dried with a pilot scale microwave-vacuum drier (Model MG8KW, Enwave Corporation, Vancouver, Canada) as shown in Figure 1 along with control (frozen berries), most dried and least dried berries. The entire microwavevacuum drying process was completed according to the drying method described by Mitra and Meda [7] . The dried samples were conditioned for 48 hours at 50% RH and 20 0 C before analysis.
Determination of Moisture Content of Dried Saskatoon Berries
Five grams of microwave-vacuum dried Saskatoon berries were dried in a convection oven (Fisher Scientific Company, Ottawa, Canada) at 105 0 C for 24 hours. The percentage of moisture content of the microwave-vacuum dried Saskatoon berries was measured on a wet basis and triplicate replications were conducted for each sample.
Determination of Rehydration Ratio of Dried Saskatoon Berries
Ten grams of dried Saskatoon berries were submerged in 500 mL distilled water at 20 0 C for 24 hours. After completion of the rehydration period, the rehydrated Saskatoon berries were spread on a perforated screen for 15 min to drain the surface water. After draining the surface water off, the weight of the rehydrated Saskatoon berries was measured. The rehydration ration was calculated as 
Determination of Hardness of Dried Saskatoon Berries
The hardness of the microwave-vacuum dried Saskatoon berries was determined using a Universal Texture Analyzer TA.XT2 (Texture Technologies Corp., NY, USA) with a load cell capacity of 25 Kg. An aluminum probe (cylindrical) with a diameter of 38.1 mm (1.5 in) was used to compress the dried berries with a test speed of 1 mm/s. A two-cycle compression test was generated to acquire the force and deformation data using texture expert software (Stable Micro Systems Ltd., UK). The hardness of the dried Saskatoon berries was calculated as the force on the first compression cycle (maximum force, N) [20] . Ten separate dried Saskatoon berries (ten replications) were conducted for each sample. 
Determination of Color of Saskatoon Berries
Experimental Design of MicrowaveVacuum Drying of Saskatoon Berries
A central composite rotatable design (CCRD) was considered to determine the experimental drying conditions. Twenty experimental conditions of 8 factorial points, 6 axial points and 6 replicated centre points [23, 24] were set up in this study as shown in 23 and B 31 were constants and regression coefficients of the model, and X 1 , X 2 and X 3 were the independent variables.
The model included linear, quadratic and interaction terms to determine the effect of process variables on the response. The CCRD was combined with response surface methodology (RSM) to solve the regression equation and to investigate the effects of three independent input variables (microwave power, drying time and fruit load) on the response variables (moisture content, rehydration ratio, hardness, L value, a value, b value and total color difference). Statistical analyses were conducted using Design-Expert software (trial version 9). The analysis of variance (ANOVA) was conducted and the model was justified with F value > Fcrit (F value at critical point), adequate precision and R 2 . Predictive model was developed using the backward elimination algorithm with (Prob>F) < 0.05. The three-dimensional response surface model was generated by presenting the response as a function of two factors keeping the third constant at the centre point. Numerical optimization was conducted on the basis of desirability function by a trial and error method using Design-Expert software and visualized the optimum regions by graphical optimization (overlay of contours plots of all response variables) with the DesignExpert Software.
Results and Discussion
Experimental data and regression modeling
Saskatoon berries were dried with microwave combined with vacuum for different experimental conditions (as shown in Table 1 ) and the dried Saskatoon berries were tested to determine the properties of moisture content (%), rehydration ratio, hardness (N) and color profile. Overall observation of the results shown in Table 1 indicated that increased microwave power and drying time and deceased fruit load were effective to reduce moisture content of Saskatoon berries. However, higher microwave power and drying time and lower fruit load increased rehydration ration, hardness, L value and total color difference of the dried Saskatoon berries. The second order polynomial equation (1) Table 2 . The F value was greater than the F value at critical point (Fcrit) for all the properties of dried Saskatoon berries (Table 2 ). Since the F value exceeded the Fcrit the null hypothesis was rejected and the higher F values of the regression models implied that the models were significant [23, 24] . Also, the p values (Prob>F) < 0.05 (Table 2) indicated that the individual terms in the model had a significant effect on the response variables. The values of adequate precision for all the cases were greater than 4 ( Table 2 ). The Design-Expert software suggested that an adequate precision greater than 4 was desirable because higher adequate precision indicated sufficient model discrimination. The adequate precision measured the range of the predicted values at the design points to the average prediction error and the higher adequate precision indicated one of the adequate signals of the model's accuracy for the prediction of dried berry properties tested. The coefficient of determination (R 2 ) is very popular and an extensively used criterion to determine the goodness of fit of a regression model. The value of R 2 varies from 0 to 1; however, the value close to 1 is better fit for a regression model [24] . The R 2 values of 0.74 to 0.99 of the models depending on dried berry properties (Table 2) implied that 74 -99% of the variations associated with L value, color difference, hardness, rehydration ratio and moisture content of dried Saskatoon berries, respectively, could be explained by the three independent variables (microwave power, drying time and fruit load). The overall ANOVA analysis indicated that the polynomial regression models for the properties tested of dried Saskatoon berries were in good agreement with the experimental data.
Regression models showed that the increased microwave power and drying time decreased moisture content and increased rehydration ratio, hardness, L value and total color difference of dried Saskatoon berries. A bigger fruit load increased moisture content and decreased rehydration ratio, hardness, L value and total color difference of dried Saskatoon berries. Interaction between microwave power and drying time showed significant effect on all the properties tested of the dried Saskatoon berries except a value and b value. Only linear effect was significant on the a value and the b value of the dried Saskatoon berries. Interaction between drying time and fruit load showed significant effect only on total color difference of the dried Saskatoon berries. The quadratic effect of microwave power and fruit load was significant on rehydration ratio. The quadratic effect of drying time was significant on moisture content, rehydration ratio and hardness of the dried Saskatoon berries. The experimental results shown in Table 1 also confirmed that microwave power and drying time decreased moisture content and increased rehydration ratio, hardness, L value and total color difference. However, fruit load increased moisture content and decreased rehydration ratio, hardness, L value and total color difference of the dried Saskatoon berries. The trend of these results is in agreement with works done by several researchers [7, 16, 21, 25] .
Response surface modeling
The generation of 3-dimensional response surface helps to understand how the response changes in a given direction with the variation of independent variables. So the response surface is a graph of the response variable as a function of independent variables. In this study, one independent variable was kept constant at the centre point and the response variable was observed as a function of other two independent variables. This procedure (Figure 2A ), the effect of drying time and fruit load keeping microwave power constant ( Figure 2B ) and the effect of fruit load and microwave power keeping drying time constant ( Figure 2C ) for the response variables of moisture content, rehydration ratio, hardness, L value and total color difference of the dried Saskatoon berries. The microwave power had a linear effect on moisture content, rehydration ratio, hardness, L value and total color difference as shown in Figure 2A and in Figure 2C . The response surface results indicated that the increasing microwave power to 6.5 kW decreased moisture content to 8.27% and increased rehydration ratio, hardness, L value and color difference to 2.30, 55.78 N, 19.22 and 9.25, respectively. The results indicated that the microwave power played a significantly important role in the drying process of Saskatoon berries to accelerate the reduction of moisture content from the berries. The higher microwave power generated high microwave energy which was absorbed by the dipole molecules available in the berries and the higher absorbed microwave energy converted into higher heat to increase the drying rate and mass transfer by vaporization [26] . Thus, the increased microwave power decreased moisture content of Saskatoon berries. The increased microwave power increased rehydration ratio because the higher microwave power developed greater internal stresses during drying. The rapid microwave energy absorption caused rapid evaporation of moisture causing a flux of rapidly escaping of vapor which helped to give a porous structure with a little shrinkage of the dried products by preventing shrinkage as well as case hardening of the dried Saskatoon berries [15] . The results showed that the moisture content of the dried Saskatoon berries was inversely related to the hardness of the dried berries because the lowest moisture content (8.27%) of the dried berries gave the highest hardness (55.78 N). This phenomenon can be attributed to the fact that the higher microwave power made higher amounts of moisture evaporation from the Saskatoon berries during drying which in turn increased the compaction force between cells of dried Saskatoon berries causing the hardness of Figure 2 Effect of microwave power and drying time (A), effect of drying time and fruit load (B) and effect of microwave power and fruit load (C) on moisture content, rehydration ratio, hardness, L value and total color difference of the microwave-vacuum dried Saskatoon berries the dried berries. The higher microwave power increased the L value and the total color difference of the dried Saskatoon berries. The higher microwave power may cause the leaching of pigments during drying enhancing the lightness (L value). Also, the higher microwave power may cause the charring of the dried berries which increases browning reactions (enzymatic and non-enzymatic), subsequently, the higher microwave power increased the total color difference [18, 27] .
The drying time showed a similar effect of microwave power affecting the quality of Saskatoon berries during drying. The drying time had a linear effect on moisture content, rehydration ratio, hardness, L value and total color difference as shown in Figure 2A and in Figure 2B . The lowest moisture content and the highest rehydration ratio, hardness, L value and total color difference were found when drying time was higher (60 min). However, relatively lower drying time (50 to 55 min) gave the highest moisture content and the lowest rehydration ratio, hardness, L value and total color difference. The response surfaces shown in Figure 2A and 2B indicate that the increased drying time decreased moisture content and increased rehydration ratio, hardness, L value and total color difference. It also indicates that increase or decrease of rehydration ratio, hardness, L value and total color difference is related to the lower or higher content of moisture in the dried Saskatoon berries. The longer drying time (60 min) increased the moisture removal from the Saskatoon berries in the drying process, hence, the longer drying time decreased the moisture content in the dried berries. The decreased moisture content increased the rehydration ratio, hardness, L value and total color difference. The longer period of thermal treatment during drying caused the color change of the dried Saskatoon berries [18, 28] .
Fruit load showed a negative linear effect on moisture content and rehydration ratio and a positive linear effect on hardness, L value and total color difference as shown in Figure 2B and Figure 2C . A higher fruit load (10.25 Kg) at 5.5 kW for 50 min drying resulted in higher moisture content (51.30%) but gave a lower rehydration ratio (1.38), lower hardness (1.63 N), lower L value (13.6) and a lower total color difference (3.41). On the other hand, fruit load reduced to 9.75 Kg at 6.5 kW for 60 min drying lowered moisture content to 8.27% and increased rehydration ratio (2.3), hardness (55.78 N), L value (19.22) and total color difference (9.25). The response surfaces as shown in Figure 2B and 2C indicate that the increased fruit load increased moisture content of the dried Saskatoon berries and decreased rehydration ratio, hardness, L value and total color difference. This phenomenon can be attributed to the higher water content present in a higher fruit load, which then affects the final moisture content of dried Saskatoon berries when microwave power and drying time remain constant. Since the results indicated that moisture content is inversely related to rehydration ratio, hardness, L value and total color difference the increased fruit load decreased rehydration ratio, hardness, L value and total color difference.
Optimization of microwave-vacuum drying parameters for dried Saskatoon berries 3.3.1 Numerical optimization by desirability function
Numerical optimization was conducted to find where response requirements were simultaneously satisfied. A simultaneous optimization approach using desirability functions of multiple responses was performed according to Derringer and Suich [29] using Design-Expert software. The desirability function is used to combine the multiple responses into a single response and the basic idea of the desirability function approach is to transform a multiple response problem into a single response problem by means of mathematical transformations. It is the geometric mean of all individual desirability measured to a 0 to 1 scale [23, 29] . An individual desirability function is constructed at the desirable level such as maximum, minimum or target. In our study, optimization of independent variables (microwave power, drying time and fruit load) is to minimize moisture content, hardness, L value and total color difference and maximize rehydration ratio of dried Saskatoon berries within the data obtained in experimental range. The optimum conditions were determined by the trial and error method. We conducted several trials. In one set of trial, microwave power and drying time were minimized and fruit load was maximized. An overall desirability of 0.537 was achieved and moisture content was 35.57%. However, this overall desirability was relatively low while moisture content was relatively high. Considering that moisture content is the topmost important property of any dried product, we searched for an optimization to increase overall desirability and minimize moisture content. In another set of trial, microwave power, drying time and fruit load were maximized and the overall desirability increased to 0.718 with five different solutions as shown in Table 3 . Several additional trials also indicated that overall desirability could be further increased up to 1, even though with a shown in Figure 3 . The optimum ranges obtained from the overlay plots were 5.8-6.5 kW, 52-59 min and 10-10.25 Kg for microwave power, drying time and fruit load, respectively.
Conclusions
Physical properties (moisture content, rehydration ratio, hardness, L value and total color difference) of microwavevacuum dried Saskatoon berries depend on the microwavevacuum drying processing variables of microwave power, drying time and fruit load. Increasing microwave power and drying time, and decreasing fruit load reduced moisture content but increased rehydration ratio, hardness, L value and total color difference of the dried Saskatoon berries. Microwave power (5.8-6.5 kW), drying time (52-59 min) and fruit load (10-10.25 Kg) proofed to be very effective for optimizing moisture content, rehydration ratio, hardness, L value and total color difference of the Saskatoon berries. A response surface methodology and a central composite rotate design were helpful to develop regression models that can effectively predict the response variables as the function of independent variables and thereby arrive at the optimum microwave-vacuum drying process for the drying of Saskatoon berries. The desirability function method proofed very effective for the process optimization generating targeted quality of dried Saskatoon berries considering economic and industrial constrains. However, the regression models developed and optimization range drastic decline of the quality of the products. It can be concluded, comparing with the results of all trials tested, that solution number 4 (desirability 0.718 and the lowest moisture content 20.40%) as shown in Table 3 is probably the one with optimum conditions within the range tested. The experimental results also support this optimum point because the experimental point (6.5 kW, 60 min and 10.25 Kg fruit load) was closest to the optimum that gave the relatively lowest moisture content, hardness, L value and total color difference and highest rehydration ratio as shown in Table1 (drying condition 8).
Graphical optimization by overlay of contours of response variables
Graphical optimization combined with numerical analysis provides significant comprehensions. The optimum solutions shown in Table 3 can be used to visualize graphically the determination of the optimum regions that satisfied all constraints. The contour plots of all response variables (moisture content, rehydration ratio, hardness, L value and total color difference) as a function of two independent variables (microwave power and drying time, drying time and fruit load and microwave power and fruit load) keeping the third variable constant at the centre point were overlaid together and visualized the optimum regions (shaded areas in the overlay plots) as 
